Objective-Defects in insulin signaling are associated with abnormal endothelial cell function, which occurs commonly in cardiovascular disease. Targets of insulin signaling in endothelial cells are incompletely understood. Protein S-palmitoylation, the reversible modification of proteins by the lipid palmitate, is a post-translational process relevant to cell signaling, but little is known about the role of insulin in protein palmitoylation. Approach and Results-To test the hypothesis that insulin alters protein palmitoylation in endothelial cells, we combined acyl-biotin exchange chemistry with stable isotope labeling by amino acids in cell culture to perform quantitative proteomic profiling of human endothelial cells. We identified ≈380 putative palmitoylated proteins, of which >200 were not known to be palmitoylated; ≈10% of the putative palmitoylated proteins were induced or suppressed by insulin. Of those potentially affected by insulin, <10 have been implicated in vascular function. For one, platelet-activating factor acetylhydrolase IB subunit gamma (PAFAH1b3; not previously known to be palmitoylated), we confirmed that insulin stimulated palmitoylation without affecting PAFAH1b3 protein abundance. Chemical inhibition of palmitoylation prevented insulin-induced angiogenesis in vitro; knockdown of PAFAH1b3 had the same effect. PAFAH1b3 knockdown also disrupted cell migration. Mutagenesis of cysteines at residues 56 and 206 prevented palmitoylation of PAFAH1b3, abolished its capacity to stimulate cell migration, and inhibited its association with detergent-resistant membranes, which are implicated in cell signaling. Insulin promoted the association of wild-type PAFAH1b3 with detergent-resistant membranes. 
I nsulin
resistance, usually reflecting decreased insulin-dependent glucose transport in peripheral tissues and decreased insulin-dependent suppression of endogenous glucose production, can occur independent of hyperglycemia if compensatory insulin secretion is sufficiently robust. However, sustained insulin resistance can have pleiotropic effects that are associated with cardiovascular complications. 1 Optimal management to minimize the risk of these complications is unresolved. [2] [3] [4] [5] Insulin is an important mediator of endothelial function, 6 and inactivation of the endothelial cell insulin receptor in mice increases atherosclerosis independent of traditional risk factors. 7 However, the molecular mediators of insulin signaling in endothelial cells remain poorly understood. Identifying novel endothelial cell targets of insulin treatment could provide insight into the relationship between metabolism and inflammation that occurs in the setting of insulin resistance.
Lipids are involved in insulin signaling and impact endothelial cell function. Lipid molecules can integrate information to alter homeostasis through well-characterized mechanisms including the activation of nuclear receptors 8 and the complex network of lipid-modifying enzymes. 9 Less is known about how lipids affect cellular homeostasis through protein modifications, such as prenylation, myristoylation, and palmitoylation. 10 Unlike other lipidation reactions, protein S-palmitoylation is reversible and post-translational, making it inherently suitable (serving as an on/off switch based on the presence or absence of palmitate) for regulating function. G-proteins, scaffold proteins, kinases, vesicle proteins, and others use palmitoylation to modulate growth, differentiation, embryonic development, and cell-cell interactions. 11, 12 Our recent observations point to an unexpected role for de novo lipogenesis in S-palmitoylation of endothelial nitric oxide synthase (eNOS) in blood vessels 13 and mucin 2 in the intestine. 14 Both of these palmitoylation events may be relevant to metabolic disorders because de novo lipogenesis is regulated by insulin.
Palmitoylated proteins have been identified in yeast, neurons, and certain membrane fractions. [15] [16] [17] Little is known about palmitoylation targets influenced by insulin. We tested the hypothesis that insulin alters the dynamics of protein palmitoylation in endothelial cells using stable isotope labeling by amino acids in cell culture (SILAC). With this technique, proteomes are distinguished based on isotopes that correspond to experimental conditions, 18 in this case the presence or absence of insulin treatment. We identified several novel palmitoylation targets regulated by insulin and demonstrated that one of these, platelet-activating factor acetylhydrolase IB subunit gamma (PAFAH1b3), is likely to be important for endothelial cell function.
Materials and Methods
Materials and Methods are available in the online-only Supplement.
Results

Global Identification of Palmitoylation Candidates
To first establish the feasibility of a quantitative proteomic strategy using SILAC and focusing on palmitoylation, we screened human umbilical vein endothelial cells (HUVECs) ( Figure 1A ). The screen used acyl-biotin exchange chemistry adapted for large-scale proteomics. With this technique, proteins are treated with N-ethylmaleimide ( Figure 1A ) to modify free thiols, thus preventing their subsequent biotinylation. Subsequent treatment with hydroxylamine (HA in Figure 1A ) cleaves the thioester bond between palmitate and cysteines, leaving cysteines susceptible to biotinyl-labeling. Cells cultured with light stable isotope-labeled amino acids were not treated with HA and represent controls. The potential palmitoylated proteins should be enriched in the heavy samples (+HA), thus having higher SILAC ratios (H/L, which also represents +HA/−HA). Of the ≈1700 proteins identified by acyl-biotin exchange and mass spectrometry, ≈500 had a SILAC ratio of >1.5 (a threshold determined by the presence of known palmitoylated proteins) and are potential palmitoylated proteins ( Figure 1B ). More than 72% of these proteins were identified based on the presence of >1 peptide (Log 2 ≥1, Figure 1C ). These include G protein-associated regulators, scaffold proteins, vesicular or membrane trafficking proteins, and cell adhesion or extracellular matrix interaction molecules (grouped based on functional characteristics in Table I in the online-only Data Supplement). Among high confidence candidates (382 proteins with ≥2 peptides identified, Figure 1D ), 175 were either known palmitoylated proteins (46 or 12%) or previously identified 16, 17, 19 by palmitoylation screens (129 or 34%). The remaining 207 candidates (54%) represent potentially novel palmitoylated proteins. A complete list with protein descriptions and comparisons with previous screens is presented in Table II in the online-only Data Supplement.
We verified our MS-based approach using caveolin-1 (Cav-1) and eNOS, known palmitoylated HUVEC proteins. For Cav-1 ( Figure 1E ) and eNOS ( Figure 1G ), the biotin switch signal was hydroxylamine dependent, characteristic of palmitoylation of cysteines. Heavy peptide Cav-1, denoted by the red circle in the SILAC precursor scan (mass spectrometry 1), was more abundant than light peptide, denoted by the black circle, with the tandem spectrum (mass spectrometry 2) documenting the sequence of the peptide ( Figure 1F ). Similar results were seen for eNOS ( Figure 1H ). These results suggest that this SILAC-based approach is suitable for identifying palmitoylation candidates.
Detection of Palmitoylated Proteins in Response to Insulin
To pursue how insulin affects palmitoylation dynamics, heavy samples were treated with insulin (100 ng/mL) for 6 hours, and light samples were treated with vehicle ( Figure 2A ). Because the median half life of mammalian proteins is estimated at ≈46 hours, 20 steady-state protein levels would be unlikely to be affected within 6 hours, and changes detected by SILAC with acyl-biotin exchange (ratio of H/L) should reflect differential palmitoylation by insulin (+insulin/−insulin). We detected a palmitoylation proteome consisting of 375 high confidence (≥2 peptides identified) proteins ( Figure 2B ), of which 303 were also identified as palmitoylation candidates in our first screen, a finding that suggests reproducibility of our approach. Most candidates were unaffected by insulin treatment (>85% with SILAC ratios close to 1, Figure 2B ); <10% were either increased (>2 fold) or reduced (to <0.3) by insulin in HUVECs ( Figure 2B ). Fold changes and P values for these 35 proteins meeting our arbitrary induction or reduction criteria are shown in Table III in the online-only Data Supplement. Mass spectrometry verifications of 2 proteins identified in Figure 2B , fibulin-3 (2.29-fold increase; P<0.0001) and PA1B3 (also known as PAFAH1b3, 21 fold increase; P=0.0083), are shown in Figure 2C . The SILAC precursor scan (mass spectrometry 1) demonstrated an increased m/z signal suggestive of insulininduced palmitoylation, and tandem spectrum (mass spectrometry 2) verified the sequences for each protein. A complete list of proteins detected in this screen is presented in Table IV in the online-only Data Supplement.
Palmitoylation Is Required for Insulin Effects on Endothelial Cell Migration and Angiogenesis
We focused on protein signals upregulated by insulin (SILAC ratio 2 or greater in Table 2 ) that might be relevant to vascular function. Membrane-associated proteins that use palmitoylation to increase hydrophobicity for impacting cell motility or membrane trafficking could be suitable targets for novel therapeutics in metabolic syndrome and type 2 diabetes mellitus. We identified several appropriate candidates including fibulin-3, which associates with the extracellular matrix and promotes cell migration, 21, 22 LYVE1 (lymphatic vessel endothelial hyaluronic acid receptor 1), 23 BST2 (bone marrow stromal antigen 2), 24 and PAFAH1b3 25, 26 (pursued in detail below). Because several of these palmitoylated proteins may be involved in cell migration, we addressed the potential role of global palmitoylation in migration using chamber transwell assays. a palmitoylation inhibitor, [27] [28] [29] blocked the ability of insulin or vascular endothelial growth factor (VEGF) to stimulate migration through a semipermeable membrane ( Figure 3A and 3B). Because cell migration is an important component of angiogenesis, a vascular effect of insulin, 30 we addressed the effects of palmitoylation on a surrogate of the angiogenic response, in vitro tube formation. Treatment with 2-BP blocked the ability of insulin or VEGF to stimulate tube formation (compare the top 2 rows in Figure 3C -results are quantified in Figure 3D and 3E). To determine whether interfering with palmitoylation status has a similar effect in cells from an arterial source, we compared tube formation in bovine aortic endothelial cells and HUVECs. In both bovine aortic endothelial cells and HUVECs, 2-BP inhibited tube formation in a dose-dependent manner ( Figure I in the online-only Data Supplement).
PAFAH1b3 was of particular interest because differential palmitoylation was enhanced >20-fold by insulin, and the protein is thought to connect lipid remodeling with Golgi-endosomal cargo transport, 25, 26 which may be required for endothelial cells to migrate and form tube structures. 31, 32 To our knowledge, palmitoylation of PAFAH1b3 has not been reported, and this protein has not been implicated in endothelial function. As a positive control, we also studied TM4SF1 (transmembrane 4 L6 family member 1), which was detected in each of our palmitoylation screens (Tables I and III in the online-only Data Supplement). TM4SF1 is not known to be palmitoylated but has been shown to be required for both endothelial cell migration 33 and VEGF-induced angiogenesis. 34 Knockdown of PAFAH1b3 and TM4SF1 (extent of knockdown is shown in Figure II in the online-only Data Supplement) inhibited tube formation in response to insulin or VEGF (compare the bottom 3 rows in Figure 3C -results are quantified in Figure 3D and 3E). For each knockdown, effects on tube number were comparable with 2-BP, whereas effects on tube length were less than those seen with 2-BP. These data suggest that palmitoylation is required for insulin-activated endothelial migration and tube formation. 
Insulin Regulates PAFAH1b3 Palmitoylation
When the biotin switch assay was repeated in HUVECs, endogenous palmitoylated PAFAH1b3 was detected and shown to be induced by insulin ( Figure 4A , top). This induction was not because of effects of insulin on PAFAH1b3 protein abundance because PAFAH1b3 levels determined by Western blotting using a PAFAH1b3 antibody were not increased with insulin incubation for up to 24 hours ( Figure 4A , bottom). To confirm this observation in an independent experimental system with an antibody to an easily detectable tag, mouse PAFAH1b3 cDNA was cloned into an expression vector with an N-terminal hemagglutinin epitope (HA-PAFAH1b3). When expressed in CV-1 in origin carrying SV40 cells, the recombinant protein showed increased palmitoylation in response to insulin at a concentration of 10 ng/mL as shown in Figure 4B . Quantified results from this experiment demonstrating a significant increase in palmitoylation with 10 ng/mL insulin are shown in Figure 4C .
To implicate an insulin receptor-dependent process in the stimulation of PAFAH1b3 palmitoylation by insulin, we performed biotin switch assays in cells after knocking down the insulin receptor. Insulin (10 ng/mL) increased PAFAH1b3 palmitoylation in control (Scrambled) cells, but this effect was diminished in cells treated with an shRNA to the insulin receptor ( Figure III in the online-only Data Supplement). Because there are only 2 cysteine residues (56 and 206 in mouse) in PAFAH1b3, we introduced conservative (cysteine to serine) mutations at both of these residues and generated recombinant proteins with each single (C56S and C206S) mutation as well as another with both mutations (double or dbl, C56S/C206S). In biotin switch palmitoylation assays, each single mutant was palmitoylated but the double mutant was not ( Figure 5A ). To confirm this observation with an independent assay, cells were labeled with [ 3 H]-palmitate, then tagged recombinant proteins were immunoprecipitated and subjected to autoradiography. Radiolabeled bands disappeared with hydroxylamine (NH 2 OH), demonstrating thioester bond dependence of the association between the label and the protein PAFAH1b3 ( Figure 5B ), which is characteristic of palmitoylation. Consistent with a role for both cysteines in palmitoylation, the radiolabeled signal was absent when the double mutant was studied despite the presence of similar amounts of protein as compared with cells expressing the wild-type and single mutant constructs. These results suggest that both PAFAH1b3 cysteine residues are palmitoylated. To provide additional evidence that these cysteines are required for insulin induction of palmitoylation, the biotin switch assay was repeated in several experiments with wild-type and double cysteine mutation PAFAH1b3 in the presence and absence of insulin. Insulin (10 ng/mL) increased palmitoylation in the wild-type, but not the mutated, protein as shown in Figure 5C with quantification of the results provided in Figure 5D .
Palmitoylation of PAFAH1b3 Is Required to Promote Cell Migration
Knockdown of PAFAH1b3 abrogates the ability of insulin (and VEGF) to stimulate angiogenesis in vitro (Figure 3 ). Angiogenesis requires cell migration. Consistent with the effects of PAFAH1b3 knockdown on angiogenesis, PAFAH1b3 knockdown also eliminated the stimulatory effect of insulin on cell migration ( Figure 6 , representative images in A, quantified results in B). Overexpression of wild-type PAFAH1b3 in human embryonic kidney 293 cells promoted cell migration, but this effect was lost with over expression of the C56S/C206S mutant (Dbl; Figure 6 , representative images in C, quantified results in D). Insulin treatment promoted cell migration in cells expressing wild-type PAFAH1b3 but did not promote migration in cells expressing the C56S/C206S mutant (Dbl); quantified results are shown in Figure 6E . Because the C56S/C206S mutant cannot be palmitoylated ( Figure 5 ), these findings suggest that the cell migratory effects of PAFAH1b3 require its modification by palmitoylation.
Palmitoylation-Dependent Localization of PAFAH1b3 in Detergent-Resistant Membranes
Palmitoylation, by altering interactions with membranes or proteins, can determine subcellular localization. Because palmitoylation would be expected to increase protein hydrophobicity and promote interaction with certain organized membrane domains, we prepared detergent-resistant membranes (DRMs), which are associated with proteins important for cell signaling. 35 A proportion of wild-type PAFAH1b3 was found in DRMs, but this association was reduced in cells expressing the palmitoylation-deficient C56S/C206S mutant (Dbl) as shown in the top of Figure 6F . Expression of the mutant had no effect on DRM localization of the control protein flotillin-1 (Flot-1) as shown in bottom panels of Figure 6F . Insulin (10 ng/mL) treatment of wild-type PAFAH1b3, which increases its palmitoylation (Figures 4 and 5) , also increases its association with DRMs as shown in Figure 6G . When skeletal muscle (a tissue that is relatively enriched in endothelial cells) was isolated from control mice and mice rendered insulin-deficient by treatment with streptozotocin, PAFAH1b3 association was decreased in DRMs from streptozotocin-treated as compared with control mice ( Figure IV in the online-only Data Supplement).
Discussion
Endothelial dysfunction is characteristic of cardiovascular disease. 36 With a goal of identifying potentially novel targets that might link insulin, insulin resistance, and cardiovascular disease, we focused on the potential relationship between insulin signaling and the post-translational process of protein S-palmitoylation in endothelial cells.
Using a mass spectrometry-based proteomic screen to quantify differential palmitoylation, we identified several putative novel targets of insulin signaling in endothelial cells (Figure 2 and Tables III and IV in the online-only Data Supplement). Global inhibition of palmitoylation by chemical means (Figure 3 and Figure I in the online-only Data Supplement) and genetic inactivation of the insulin-induced palmitoylated protein PAFAH1b3 (Figures 3 and 6 ) disrupted endothelial cell migration/tube formation. Insulin has pleiotropic effects, and it alters the abundance of many proteins. However, cells were exposed to insulin for only 6 hours, and because most intracellular proteins have half-lives considerably >6 hours, 20 it is likely that our differential palmitoylation screen selected for proteins differing predominantly by palmitoylation status instead of protein abundance. We verified that for PAFAH1b3, a novel insulin-responsive palmitoylated protein required for insulin-induced angiogenesis ( Figure 3 ) and cell migration (Figure 6 ), palmitoylation is increased by insulin without affecting PAFAH1b3 protein levels (Figure 4) . Moreover, we identified the palmitoylation sites in PAFAH1b3 using 2 independent techniques ( Figure 5 ) and demonstrated that preventing palmitoylation through site-directed mutagenesis disrupts the capacity for PAFAH1b3 to stimulate cell migration ( Figure 6 ). Collectively, these results suggest that protein palmitoylation may participate in insulin-activated endothelial function.
Protein palmitoylation involves the addition of palmitate (C16:0) to cysteine residues through a thioester bond. Our screen for palmitoylated proteins used acyl-biotin exchange chemistry, an approach notable for the generation of false-positive results. 15, 37 For example, enzymes with active site cysteines, such as ubiquitin conjugating enzymes (of which several were identified as shown in the Tables in the online-only Data Supplement), might be detected through biotinylation at the active site cysteine. However, it is possible that such enzymes might also be palmitoylated at cysteines distinct from the active site. Therefore, we elected not to dismiss these and related types of enzymes as false positives in the absence of direct characterization of their capacity for lipidation at regions distinct from their active sites.
While this article was in preparation, a rigorously characterized palmitoylation proteome was reported in endothelial cells. 38 That proteome did not address insulin-responsive palmitoylated proteins, the focus of the current work. Our initial screen found many of the same palmitoylated proteins identified by Marin and colleagues 38 including platelet endothelial cell adhesion molecule 1, calnexin, Cav-1, and eNOS (Table II in the online-only Data Supplement and Figure 1 ). There were also discrepancies, notably our inability to detect superoxide dismutase 1, perhaps related to the fact that the current work profiled HUVECs, whereas Marin et al profiled an immortalized endothelial cell line.
Our study has limitations. We used 2-bromopalmitate to assess the possible role of global palmitoylation on endothelial function. Although 2-bromopalmitate is known to inhibit palmitoylation, [27] [28] [29] this chemical also has other well-characterized effects on fatty acid metabolism. 39 However, tube formation was similarly affected by this chemical and knockdown of either PAFAH1b3 or TM4SF1 (palmitoylated proteins identified in this study), consistent with the notion that palmitoylation affects endothelial function. We characterized PAFAH1b3 (Figures 3-6 and Figures III and IV in the online-only Data Supplement), a protein not previously known to be palmitoylated, that is a subunit of an enzyme complex implicated in lipid remodeling, Golgi structure, and endocytic recycling. [25] [26] [27] [28] Our results demonstrate that insulin promotes palmitoylation of PAFAH1b3, but the mechanism by which this occurs is unknown. Insulin might increase palmitoylation 29 by promoting the activity of one of the >20 known acyltransferases, inhibiting acyl thioesterase activity, increasing palmitate accessibility, altering protein trafficking to sites better suited for acylation, or impacting any of several other processes related to post-translational modification of proteins. However, our work does provide insight into the mechanism by which palmitoylation affects the cell biology of endothelial cells. For PAFAH1b3, we demonstrate that palmitoylation is required for localization of this protein to DRMs (Figure 6 ), and that insulin both increases palmitoylation of this protein (Figures 4-5) as well as the association of this protein with DRMs ( Figure 6 ). Although DRMs do not equate with caveolae or lipid rafts, many proteins isolated by this technique are involved in endothelial function and cell signaling. 40 Protein lipidation can affect cell signaling and is an important contributor to disease processes. 41 Our demonstration of defective insulin-stimulated angiogenesis in cells treated with a palmitoylation inhibitor or deficient in discrete palmitoylated proteins suggests that altered palmitoylation could contribute to endothelial dysfunction. These results raise the possibility that promoting palmitoylation or promoting chemical modifications of proteins that mimic the effects of acylation could improve endothelial function.
